Abstract Background: Detection of delayed cerebral ischemia (DCI) in high-grade subarachnoid haemorrhage (SAH) is an unsolved issue. Conventional near-infrared spectroscopy (NIRS) with optodes applied over the skin is controversial because the NIRS signal is contaminated by extracerebral tissue. The objective is to quantify and subtract the contribution from extracerebral tissue from the signal by using measurements in parallel with a NIRS brain tissue probe and conventional NIRS.
Introduction
Detection of delayed cerebral ischemia (DCI), especially in unconscious patients with high-grade subarachnoid haemorrhage (SAH), remains an unsolved issue. New techniques combining near-infrared spectroscopy (NIRS) and indocyanine green (ICG) dye dilution to estimate cerebral blood flow (CBF) are available [2, 10, 12] . Transcutaneous NIRS with optodes applied over the skin, however, is controversial because the NIRS signal is contaminated by extracerebral tissues (skin, skull, cerebrospinal fluid layer) [5, 7, 8, 11, 15, 16] . To obtain measurement values directly from the brain tissue, a conventional probe for intracranial pressure (ICP) has recently been supplied with optical fibres for NIRS [9] . By measuring in parallel with the NIRS brain tissue probe and conventional NIRS through the skull, the objective is to develop algorithms to quantify and subtract the contribution from extracerebral tissues from the signal obtained by Transcranial NIRS. 
Methods
The study was approved by the Ethics Committee of the University of Zurich. Measurements were performed in a patient with severe SAH, Hunt and Hess grade 5, Fisher grade 4, with ruptured aneurysm of the anterior communicating artery. Because of occlusive hydrocephalus, a ventricular catheter (Bactiseal, Codman; Johnson & Johnson, USA) was inserted to drain cerebrospinal fluid. After coiling the ruptured aneurysm, the patient developed brain oedema, and ICP monitoring with an intraparenchymal probe was needed. For NIRS two approaches were applied. (1) A conventional brain tissue probe for ICP monitoring, supplied with optical fibres (NeMo Probe, NeMoDevices AG, Switzerland) was inserted through a support bolt (Integra Life Sciences, Plainsboro, NJ) from a burr hole (Fig. 1) . The probe was placed into the brain tissue 2 cm deep from the dura. Applying NIRS, in addition to the parameters of ICP and brain temperature, the concentration of oxygenated and deoxygenated haemoglobin (Hboxy and Hbdeoxy), as well as CBF and cerebral blood volume (CBV), were measured. (2) For conventional NIRS a plaster-based patch carrying optodes (one emitter, two detectors) was attached to the skin (NeMo Patch) (Fig. 2b) . For spatially resolved spectroscopy (SRS) two detectors are placed at different distances from the laser source (distance from detector 1, 2 cm; from detector 2, 4 cm). Monte Carlo simulation of light propagation at 800 nm in a layered head model was performed with the same optode distances [1] . Two NIRS instruments, one connected to the probe, the other to the patch, specifically constructed for the measurement mode (NeMo Control Unit, NeMoDevices, Zurich, Switzerland) sources, the hardware for data collection and the software to analyse the NIRS data ( Fig. 1) . Regular measurements were performed daily and repeated after 15 min under stable clinical conditions (unchanged ICP, mean arterial pressure and arterial partial pressure CO 2 ). Central venous injections of 0.3 mg/kg body weight (bw) ICG were performed into a tube leading into an antecubital vein, followed by 10 ml glucose 5 % flush. ICG dye dilution curves obtained with the probe and patch were collected simultaneously and analysed for blood flow values (NeMoSystem ® , NeMoDevices, Zurich) based on published algorithms [10] . Measurement values are expressed in mean and standard deviation (SD). Measurement values are com-pared applying Wilcoxon matched pairs and calculating the correlation coefficient (Pearson; 2-tailed).
Results
In a first patient, 12 measurements in parallel with the probe and patch were performed. Mean measurement values for the mean transit time of ICG (mtt ICG ), cerebral blood flow (CBF) and cerebral blood volume (CBV) obtained with the probe, as well as for the mean transit time of ICG (Emtt ICG ), blood flow (ECBF) and blood volume (ECBV) obtained with the patch including signals from extracerebral tissue are given in Table 1 . Mean values for the mtt ICG obtained with the probe were significantly shorter compared with those obtained with the patch (for detector 1, p = 0.002; for detector 2, p = 0.002). Mean CBV obtained with the probe was significantly higher compared with the values obtained with the patch (for detector 1, p = 0.002; detector 2, p = 0.002). The corresponding values for CBF were higher for the probe compared with those obtained with the patch (for detector 1, p = 0.002; for detector 2, p = 0.002). There were no significant differences between Emtt ICG obtained with the patch detectors 1 and 2. However, ECBV and ECBF values obtained with detector 1 were slightly but significantly lower than those obtained with detector 2 (for ECBV, p = 0.003; for ECBF, p = 0.004). The Monte Carlo simulations (Fig. 2a) show that, close to the source, light received by detector 2 is strongly reflected by the cerebrospinal fluid. At a larger distance from the source, most of the light that is received by detector 1 comes from the grey matter and a small portion from the white matter. CBF values obtained with the probe correlated significantly with blood flow values obtained with the patch (for CBF vs. ECBF detector 1, r = 0.72 (p = 0.008); ECBF detector 2, r = 0.79 (p = 0.002)). Figure 3 shows dye dilution curves after ICG injection in optical density (OD) and in ICG concentration performed in parallel with the probe and patch. The maximum of the amplitude of the dye dilution curve measured with the probe occurs earlier and the amplitude is higher compared with NIRS measurements obtained with the patch through the scalp. 
Discussion
Although NIRS seems to reflect significant changes in intra-cerebral vessels [11] , it has not been demonstrated so far that these changes can be reliably distinguished from changes in extracerebral tissue [4, 15] . With the present study, for the first time, measurements in parallel with transcutaneous NIRS and a brain tissue probe with the tip in the white matter could be performed. The ECBF values obtained with conventional NIRS correlate significantly with CBF values obtained with the probe. The values for blood volume and flow from the NeMo Patch, however, were significantly lower compared with those from the NeMo Probe. ECBF values between 5.1 and 6.6 ml/100 g/min measured with the patch correspond with blood flow values measured in the extracerebral tissue with the intravenous 133 xenon dilution technique estimated to be 5-8 ml/100 g/min [3] . Monte Carlo simulations, furthermore, show that the cumulative NIRS signal obtained by optodes over the skin is strongly influenced by extracerebral tissue [1, 14] .
For SRS it has been suggested that applying one light emitter and two detectors allows subtraction of the extracerebral contamination from the cumulative NIRS signal obtained by optodes applied over the skin [6, 13] . Our measurement values obtained from the two detectors, 1 and 2 (4-and 2-cm apart from the light source) do not support this hypothesis. Inter-individual variability of anatomical struc-tures (bone thickness, extracerebral vasculature, liquid space, etc.) may restrict the reliability of SRS. Furthermore, the composition of the extracerebral tissue in neurosurgical patients will change during the illness course, especially after craniotomy. Dye dilution curves after ICG injection performed in parallel with the NeMo Probe and the NeMo Patch showed different specific characteristics for probe and patch measurements, reflecting lower blood flow within extracerebral tissue. The maximum of the amplitude of the dye dilution curve measured with the probe typically occurs earlier reflecting a faster transit time of the dye. The amplitude of the curve obtained with the probe compared with the patch is higher, corresponding to a higher con-centration of ICG ICG in the brain tissue than in extracerebral structures. 
